Abstract-Antarctic coastal polynyas are very high sea-ice production areas. The resultant large amount of brine rejection leads to the formation of dense water. The dense water forms Antarctic bottom water, which is the densest water in the global overturning circulation and a key player in climate change as a significant sink for heat and carbon dioxide. In this study, an algorithm was developed that uses Advanced Microwave Scanning Radiometer 2 (AMSR2) data (2012-present) to detect polynya area and estimates thin ice thickness by a method similar to that used to develop the algorithm for Advanced Microwave Scanning Radiometer for EOS (AMSR-E) data. Landfast sea-ice areas were also detected using AMSR2 data. Ice production in the polynyas was estimated by a heat flux calculation using AMSR2 sea-ice data. 
currents [1] . Since thin sea ice is a poor thermal barrier, it permits heat loss to the atmosphere one or two orders of magnitude larger than a thick ice cover does [2] ; therefore, Antarctic coastal polynyas are areas of very high sea-ice production [3] [4] [5] . In the Antarctic Ocean, about 10% of sea ice is produced in the major coastal polynyas, although the total area of the polynyas is only about 1% of the maximum sea-ice area [5] . The resultant large amount of brine rejection leads to the formation of dense water [6] , which is a major source of Antarctic bottom water (AABW) [7] [8] [9] [10] [11] . The sinking of the dense water plays a significant role in the global climate system by driving thermohaline (overturning) circulation [12] and biogeochemical cycles such as the exchange of carbon dioxide between the atmosphere and deep ocean [1] , [13] , [14] . Polynyas can also be biological "hot spots" during the spring and summer seasons [15] .
Satellite remote sensing using passive microwave sensors can contribute greatly to hemispheric monitoring of coastal polynyas because microwave sensors can observe Earth's surface regardless of darkness or cloud cover. On the basis of comparisons between brightness temperatures (TBs) obtained from a passive microwave radiometer onboard a ship and sea-ice data from in situ measurements in the Canadian Arctic, it has been shown that the polarization ratio (PR) of TBs is negatively correlated with thin ice thickness of less than about 20 cm [16] . PR is defined as
where TB V and TB H are the vertically and horizontally polarized TBs, respectively. Algorithms have been developed based on this relationship to detect Antarctic coastal polynyas and to estimate the thin ice thickness on a daily time scale from passive microwave satellite data, namely, TB data from the Special Sensor Microwave Imager (SSM/I) and the Special Sensor Microwave Imager/Sounder (SSMIS) on Defense Meteorological Satellite Program satellites [17] , [18] and the Advanced Microwave Scanning Radiometer for EOS (AMSR-E) on the National Aeronautics and Space Administration's (NASA) Aqua satellite [19] . In these studies, thin ice thickness for the comparisons was based on heat flux calculations using ice surface temperatures from clear-sky satellite thermal infrared images. Circumpolar maps of ice production in Antarctic coastal polynyas were presented using thin ice thickness derived from the passive microwave satellite data with heat flux calculation [5] , [19] . The width of the Antarctic coastal polynyas from the coastline is about 100 km at most. Since the spatial (grid) resolution of AMSR-E data (about 6.25 km) is four times higher than that of SSM/I-SSMIS data (about 12.5 km) in pixel density, AMSR-E data can provide the detailed spatial distribution of thin ice thickness in a coastal polynya. A radar backscatter image of Cape Darnley Polynya (CDP) and Mackenzie Bay Polynya (MBP) in East Antarctica, acquired by the Advanced Synthetic Aperture Radar (ASAR: C-band SAR; the wavelength is 5.6 cm) on the European Space Agency's (ESA) Environmental Satellite (Envisat), and maps of thin ice thickness in the same area based on SSM/I and AMSR-E data are shown in Fig. 1 . In this study, coastline, ice shelf, and glacier tongue locations were obtained from the National Snow and Ice Data Center (NSIDC) high-resolution Mosaic of Antarctica 2008-2009 (MOA2009) dataset, which has a spatial resolution of about 125 m [20] . In the ASAR image, the coastal polynyas appear as areas of white streaks with relatively high backscatter (>−10 dB). Both SSM/I and AMSR-E could detect CDP, although AMSR-E was better able to detect the polynya area, but only AMSR-E detected MBP, which is a narrow coastal polynya along the Amery Ice Shelf. In the Antarctic Ocean, landfast sea ice (fast ice) develops in many coastal areas. Fast ice is stationary sea ice attached to coastal features such as the shoreline and grounded icebergs [21] [22] [23] . A remarkable feature of the Antarctic Ocean is fast ice protruding into the ocean. Such fast ice is formed by grounded icebergs that act as anchor points [23] . Antarctic coastal polynyas tend to form adjacent to fast ice [19] , and CDP also has formed on the western side of an area of fast ice. In the ASAR image [see Fig. 1(a) ], the low-backscatter (<−15 dB) area east of CDP is fast ice that is anchored by small grounded icebergs, which appear as small high-backscatter (>-5 dB) patches. Another fast ice area is developed to the west of CDP. Only AMSR-E detected these fast ice areas. These differences between SSM/I and AMSR-E are due to their different spatial resolutions. The details of the fast ice detection are described later. Although the AMSR-E mission ended in October 2011, its successor, the Advanced Microwave Scanning Radiometer 2 (AMSR2), on the Japan Aerospace Exploration Agency's (JAXA) Global Change Observation Mission 1st -Water (GCOM-W1; Shizuku) satellite was launched in May 2012. By combining AMSR2 data with AMSR-E data, a coastal polynya dataset with higher spatial resolution can be produced that covers >10 years. Such data are vital for understanding processes of the Antarctic coastal polynyas. In particular, the most useful information for understanding interactions between the climate system and Antarctic coastal polynyas is ice production, which leads to dense water and AABW formation. The primary purpose of this study is to generate an AMSR2 ice production dataset that in combination with AMSR-E ice production data would be suitable for times series studies. Therefore, we developed a thin ice thickness algorithm for AMSR2 by a method similar to that used to develop the AMSR-E algorithm [19] , and we used it to estimate ice production in Antarctic coastal polynyas during 2012-2015. The AMSR2 ice production cannot be directly compared with the AMSR-E ice production because the observation periods do not overlap, whereas ice production data from SSM/I-SSMIS cover the entire AMSR-E/2 periods although they have a relatively coarse spatial resolution. Therefore, we assess the compatibility of ice production data between AMSR2 and AMSR-E by comparing each dataset with SSM/I-SSMIS ice production data. Then, by combining ice production data from AMSR2, AMSR-E, and SSM/I-SSMIS, we produce an ice production dataset covering >20 years, from the early 1990s to 2015.
II. METHOD AND DATA

A. Estimation of Thin Ice Thickness
The method used to develop the thin ice thickness algorithm is explained briefly here. In the algorithm, ice thickness of ࣘ20 cm is estimated from PRs of AMSR2 TBs at 89 and 36.5 GHz. We used GCOM-W1/AMSR2 Level 1B (L1B) global swath TBs provided by JAXA's website (http://suzaku.eorc.jaxa.jp/GCOM_W/data/data_w_use.html). The footprint sizes are 5 km × 3 km and 12 km × 7 km at 89 and 36.5 GHz, respectively. These footprint sizes are about 85% of the size of the corresponding AMSR-E footprints owing to improvements of AMSR2. TBs at 89 GHz can minimize the contamination effects of land, ice shelf, and fast ice in areas close to the coast, where thinner ice is dominant, because of their relatively higher spatial resolution. On the other hand, the 89 GHz data possibly misclassify fast ice as thin ice, especially for the thickness range of >10 cm [24] (see also Section II-B). In this study, we used ice thicknesses of ࣘ10 cm estimated from TBs at 89 GHz along with ice thicknesses of 10-20 cm estimated from TBs at 36.5 GHz, which have a relatively deeper penetration depth.
To develop the AMSR2 thin ice thickness algorithm, AMSR2 PRs were compared with ice thickness based on heat flux calculations using ice surface temperatures from satellite thermal infrared images [25] . Ice thickness was estimated from the conductive heat flux in ice by assuming that it balances with the heat flux between ice and atmosphere. The snow cover on ice was neglected because new ice generally does not have a significant amount of snow cover. We used channel 31 and 32 thermal infrared images from the NASA Moderate Resolution Imaging Spectroradiometer (MODIS), specifically, MODIS Level 1B swath data with a spatial resolution of 1 km provided by NASA's Level 1 and Atmosphere Archive and Distribution System website (http://ladsweb.nascom.nasa.gov/). We chose MODIS images that are free from cloud cover and ice fog during polar night, when shortwave radiation is negligible. Thus, the heat flux between ice and atmosphere is the sum of net longwave radiation and turbulent heat fluxes. We calculated ice surface temperatures with the empirical equation of [26] but modified it for use with MODIS data [27] [28] [29] . MODIS ice surface temperatures have been used previously to investigate long-term coastal polynya dynamics in the Weddell Sea [30] . Ice bottom temperature was set to the freezing point of -1.86°C. The heat flux between ice and atmosphere was calculated with equations suitable for the Antarctic sea-ice zone, following [31] . We used an empirical equation from [32] to calculate longwave radiation. To calculate turbulent heat fluxes, we used bulk equations [33] with bulk transfer coefficients proposed by [34] , which incorporate the stability effect of the atmospheric surface layer. As atmospheric input data, we used near-surface atmospheric data from the 6-hourly European Centre for Medium-Range Weather Forecasts Interim Re-Analysis (ERA-Interim) dataset extracted at a resolution of 0.5°of latitude and longitude. Data of air temperature at 2 m, dewpoint temperature at 2 m, wind at 10 m, and surface sea level pressure were used. The ERAInterim data were interpolated onto the MODIS data points by using a Gaussian weighting function.
For the comparison with AMSR2 data, MODIS ice thickness with a spatial resolution of 1 km was remapped onto the data points of AMSR2 L1B data. There are dozens of MODIS pixels within each AMSR2 footprint. We used the thermal ice thickness for which the total heat flux calculated using MODIS data would be realized by assuming a uniform ice thickness in the AMSR2 footprint [17] , [35] . The thermal ice thickness does not exactly coincide with the arithmetic average of the thicknesses calculated at MODIS pixels within the AMSR2 footprint. This thermal ice thickness (h i ) is suitable for heat loss calculations for the estimation of ice production.
Thin ice thickness calculated using AMSR2 L1B swath data at 89 and 36.5 GHz (h 89 and h 36 ) was mapped onto the NSIDC polar stereographic grid at a spatial resolution of about 6.25 and 12.5 km, respectively. Afterward, the daily mean thickness was calculated by a simple sum-and-average mapping (drop-inthe-bucket) method. These grids are the same as those of the ice thickness from AMSR-E [19] and used for the comparison. Since one 12.5 km NSIDC grid cell corresponds to four 6.25-km NSIDC grid cells, h 89 ≤ 10 cm and h 36 of 10-20 cm mapped at the two spatial resolutions can be merged directly. TBs at 89 GHz tend to be influenced by cloud cover, ice fog, and water vapor to a greater extent than TBs at 36.5 GHz. This leads to smaller values of PR at 89 GHz, and h 89 is overestimated [17] . Since the atmospheric influence is less at 36.5 GHz, h 89 is replaced with h 36 of the corresponding pixel if h 89 ≥ h 36 . The AMSR2 thin ice thickness algorithm can be used only to detect the thin ice area and to estimate its thickness; areas of open water and first-year ice must be detected by a different method. For that purpose, we used daily mean ice concentration in the AMSR2 level 2 swath product, estimated by using the Bootstrap algorithm [36] . We remapped the ice concentration onto the 12.5 km NSIDC grid. We defined an area with an ice concentration of <30% as open water. Then, among the remaining pixels, we labeled those with an estimated thickness of >20 cm in the thin ice algorithm as first-year ice.
B. Detection of Landfast Sea Ice
The AMSR2 thin ice thickness algorithm can misclassify fast ice as thin ice because the PR values at 89 GHz of thin ice and fast ice can be similar within a certain thickness range [17] , [37] , especially for h 89 > 10 cm [24] . Thus, for accurate polynya detection, the independent detection of fast ice is essential. In this study, we adopted a method for fast ice detection that uses AMSR-E data (see [19] for details). Briefly, the detection of fast ice is based on its microwave characteristics: TBs of fast ice tend to be lower than those of thin ice and similar to those of the ice sheet. Thus, the detection method is not sensor dependent. Fast ice data for a given month were determined by using the daily TBs of three consecutive months, including the previous and the following month, based on the fact that fast ice is temporally more stable than thin ice. The monthly fast ice dataset also includes the variable ice-shelf edge, glacier tongues, and grounded iceberg tongues, all of which have microwave characteristics similar to those of an ice sheet.
C. Estimation of Sea-Ice Production
In this study, a coastal polynya was defined as an area of seaice pixels (ice conc. ࣙ 30%) with thickness ࣘ20 cm, and sea-ice production was estimated within such areas. The ice production was estimated on a daily basis from heat flux calculation using the daily mean AMSR2 thin ice thickness by a method similar to that used by the previous studies [5] , [18] , [19] . The sea-ice production rate V i is estimated by assuming that heat from the ocean below is negligible and that all of the heat loss to the atmosphere contributes to the freezing of seawater, given by
where Q (W·m -2 ) is heat loss to the atmosphere in a grid cell, ρ i (= 920 kg · m −3 ) is the density of sea ice, and L f (= 0.334 MJ · kg −1 ) is the latent heat of fusion for sea ice. This L f value is based on [38] and has been used by many studies (e.g., [39] , [40] ). We obtained Q by assuming that the sum of radiative and turbulent fluxes at the ice surface is balanced by the conductive heat flux within the ice, the thickness of which is derived from the AMSR2 data. This heat flux calculation procedure is similar to that used to estimate thermal ice thickness from nighttime MODIS data, except for the inclusion of shortwave radiation in this procedure. Specifically, the clearsky incoming shortwave radiation is calculated based on [41] , with modification for the cloud cover [42] . We used the total cloud cover defined in the ERA-Interim dataset. Atmospheric input data from the daily ERA-Interim dataset were interpolated onto the NSIDC polar stereographic grid by using a Gaussian weighting function.
D. Comparisons Among AMSR2, AMSR-E, and SSM/I-SSMIS Data
We compared ice production from AMSR2, AMSR-E [19] , and SSM/I-SSMIS [18] data in the four largest ice production polynya areas in the Antarctic Ocean: the Ross Ice Shelf Polynya (RISP), CDP, Mertz Polynya (MP), and Amundsen Polynya (AP). The polynya areas are indicated in Fig. 4 (the details of this figure are described later). Ice production in these four polynyas accounts for about 60% of total ice production in the 13 major Antarctic coastal polynyas [19] . Atmospheric input data for heat flux calculation of ice production from AMSR-E and SSM/I-SSMIS data are the same as in the case of AMSR2 ice production (i.e., ERA-Interim data).
A small/narrow coastal polynya cannot be detected by SSM/I-SSMIS because of the relatively coarser spatial resolution (e.g., Fig. 1 ). This possibly leads to underestimation of ice production. Fast ice detection, which is also affected by the spatial resolution of the satellite sensor (e.g., Fig. 1 ), can also affect ice production estimates because Antarctic coastal polynyas tend to form adjacent to fast ice. For example, if an area of fast ice is not detected because of the relatively coarse spatial resolution of the sensor, ice production may be overestimated. The ice production estimate can also be affected by ambiguity in the thin ice thickness algorithms (PR−h i relationships). We expect that the RISP to be suitable for ice production comparisons among AMSR2, AMSR-E, and SSM/I-SSMIS, because the polynya area is the largest and extensive fast ice does not develop. In contrast, detection of fast ice which forms near the CDP, MP, and AP would affect the ice production estimate. However, the effect is expected to be small because the size of these polynyas is relatively large. Cumulative monthly ice production calculated from AMSR2, AMSR-E, and SSM/I-SSMIS data is compared during the freezing period of March-October. To compare the AMSR2 and AMSR-E results, we first calculated a regression line of monthly ice production between SSM/I-SSMIS and AMSR-E. Then the consistency of the AMSR2 ice production result with the AMSR-E result was evaluated by comparing the AMSR2 result with this regression line.
III. RESULTS
A. Thin Ice Thickness Algorithm
A scatterplot of the AMSR2 PRs at 89 GHz (PR 89 ) versus MODIS h i is shown in Fig. 2(a) . We used 186 clear-sky MODIS images of the RISP (96 scenes), Ronne Ice Shelf polynya (RONP) in the Weddell Sea (18 scenes), and CDP (72 scenes) acquired during April-September from 2013 to 2015. These three polynyas are major sourceareas of AABW [11] , [43] , [44] . For the plot, we used the AMSR2 L1B swath data acquired at times close to the MODIS image acquisition times. For each of three polynyas, PR 89 and h i were negatively correlated and the relationship was roughly similar among [19] , [24] , [45] [46] [47] [48] [49] . Thin ice thickness from AMSR2 data was estimated from exponential curves that best fit into the scatterplots of the PR versus h i (see Fig. 2 ). For the fitting, the normal from each data to the curve was calculated using only data with h i < 30 cm, and then a least squares fitting was applied to minimize the distance. The equations derived by fitting a curve to data for all three polynyas are h 89 = e 
and where h 89 and h 36 are ice thicknesses estimated from PR 89 and PR 36 , respectively. The curves described by (3) and (4) are shown in Fig. 2 . We confirmed that h 89 and h 36 coincide with each other with a root-mean-square deviation (RMSD) of about 1-2 cm in the case of a clear sky (not shown).
We summarize the h i versus h 89 and h 36 statistics for each polynya and for all three polynyas together in Table I . For PR 89 ≥ 0.062 (i.e., h 89 ≤ 10 cm), the RMSD for all polynyas is 5.6 cm, and the biases (h i minus h 89 ) range from 0.8 to 3.8 cm among the three polynyas. For PR 36 of 0.057-0.083 (h 36 of 10-20 cm), the RMSD for all polynyas is 5.8 cm, and the biases (h i minus h 36 ) range from -3.6 to 1.6 cm among the three polynyas. As in the case of the AMSR-E thin ice thickness algorithm [19] , the values of these deviations and biases are generally within the accuracy of h i (about ±5 cm) determined by comparisons with in situ observations [35] , [46] , [50] . Therefore, we used (3) and (4) as a unified algorithm for the estimation of thin ice thickness from AMSR2 data over the entire Antarctic Ocean.
The relationships between AMSR-E PRs and MODIS h i , taken from [19] (see Fig. 2 , black curves), are similar to those between AMSR2 PRs values and MODIS h i (yellow curves) at both 89 and 36.5 GHz, although the AMSR2 relationships are slightly shifted to thinner ice thickness by 1-2 cm. Although the AMSR-E mission ended in October 2011 because of a problem with the rotation of its antenna, AMSR-E Slow Rotation Data (2 rotations per minute) were acquired from 4 December 2012 to 4 December 2015. A comparison of TBs obtained by AMSR2 and AMSR-E (with slow rotation) was made by "Intercomparison results between AMSR2 and TMI/AMSR-E/GMI (AMSR2 ver. 2.0) EORC JAXA" (downloaded at http:// suzaku.eorc.jaxa.jp/GCOM_W/materials/product/150326_ AMSR2_XcalResults.pdf). The comparison showed that the AMSR2 TBs over the ocean tended to be a few degrees higher than the AMSR-E TBs indicating that PR values from the AMSR2 data would be smaller than those from the AMSR-E data (1). The result of this comparison explains in part the difference between the fitted curves, although the comparison did not include areas of the ocean covered by sea ice.
We compared maps of thin ice thickness and fast ice from AMSR2 data for areas around the RISP, RONP, CDP, and MBP with 23 SAR images acquired by C-band SAR (C-SAR) on the ESA's Sentinel-1 satellite, which have a spatial resolution of about 90 m (e.g., Fig. 3) . In most cases, including the examples shown in Fig. 3 , thin ice and fast ice areas detected by using the AMSR2 data correspond well to their areas in the C-SAR images. This result supports the reliability of the AMSR2 algorithms.
B. Comparison of AMSR2 Ice Production With SSM/I-SSMIS and AMSR-E Ice Production
A circumpolar map of annual sea-ice production (cumulative ice production during March-October) and fast ice, averaged over 2013-2015 (see Fig. 4 ), confirms that most polynyas have formed on the western side of fast ice or a glacier tongue, indicating their close relationship. The spatial distributions of ice production and fast ice were generally similar to those determined from AMSR-E data for 2003-2010 [19, Fig. 9 ], except in the MP area. Annual ice production in the four major polynyas (RISP, CDP, MP, and AP) averaged over the AMSR2 (2013) (2014) (2015) and AMSR-E (2003-2010) periods (see Table II ) revealed a significant (>50%) decrease in ice production in the MP area. The details of this drastic ice production decrease are described later.
Annual ice production calculated using SSM/I-SSMIS data is overestimated by about 5-30% compared with AMSR-E/2 ice productions, except in the MP area during 2013-2015 (see Table II ). This overestimation of ice production is attributed to the thin ice thickness algorithm (PR-h i relationship). The PR-h i relationship in SSM/I-SSMIS data is represented by a linear line (see Fig. 2, dashed lines) . On the other hand, the PR-h i relationships in the AMSR-E/2 data are represented by exponential curves. The ice thickness is set at 1 cm, when the thickness is estimated from the fitted curve is <1 cm. The PRh i relationships (see Fig. 2) show that thin ice thickness is unrealistically underestimated by SSM/I-SSMIS data when the PR value is high (i.e., ice thickness is thin; Fig. 1) , which causes the overestimation of ice production.
Next, we compared monthly ice production in the RISP, CDP, MP, and AP between SSM/I-SSMIS (V S ) and AMSR-E (V AE ) and AMSR2 (V A 2 ) (see Fig. 5 ). As expected, V S was strongly correlated with both V AE and V A 2 with a significance level of >99.9%. Therefore, AMSR2 ice production can be compared with AMSR-E ice production by comparing each with SSM/I-SSMIS ice production. The regression lines obtained for all four polynyas from the V S − V AE relationship by least-squares fitting were similar (see Fig. 5 ). For all polynyas, >95% of the AMSR2 data points fell within two standard deviations of the V S − V AE regression line; this result indicates that the regression lines obtained for the V S − V AE relationships can explain the V S − V A 2 relationships well. Furthermore, both the biases and RMSDs of the data points of the V S − V A 2 relationships relative to the regression lines are small (see Table III ). These results suggest that combined AMSR-E/2 ice production data can be used for time series studies covering >10 years, from 2003. Outliers from the regression lines [e.g., in the RISP and CDP areas; Fig. 5(a) and (b) ], are data collected during the ice-advance season (March-June) and are caused by discrepant detection (estimation) of thin ice and fast ice areas between SSM/I-SSMIS and AMSR-E/2. However, only 1% of the total data is affected, so the effect on the annual ice production estimates is quite small.
We examined whether the differences between the PR−h i curves for AMSR2 and AMSR-E data (see Fig. 2 , yellow and black curves, respectively) were significant by estimating AMSR2 ice production from thin ice thickness estimated using the curves for the AMSR-E data [19] . Comparison of the results with the regression lines obtained for the V S − V AE relationships in the four polynyas (see Fig. 5 ) showed that AMSR2 monthly ice production was underestimated by 10-25%. This underestimation is significant when it is compared with AMSR2 ice production in which thin ice thickness was estimated using the curves for the AMSR2 data (see Table III ). This result confirms that the AMSR2 thin ice thickness should be estimated using the new curves [see Fig. 2, and (3) and (4)].
Annual ice production during >20 years (1992-present) can be obtained from the SSM/I-SSMIS data. Monthly ice production from SSM/I-SSMIS is highly correlated with AMSR-E/2 ice production, although the SSM/I-SSMIS ice productions are overestimated (see Fig. 5 ). We consider that the higher spatial (grid) resolution of the AMSR-E/2 data provides more reliable Fig. 4 . Map of annual ice production (cumulative ice production during March-October) averaged over 2013-2015. Fast ice areas are colored blue. Here, the fast ice area is defined as a pixel whose occurrence frequency during the entire period is ࣙ60%. Analysis areas for ice production around the Cape Darnley, Mertz, Ross Ice Shelf, and Amundsen polynyas are enclosed by green lines. These areas were defined following previous studies [5] and [19] . To combine the three datasets, we adjusted SSM/I-SSMIS ice production based on its relationship with AMSR-E/2 ice production (see Table III and Fig. 5 ). The resulting time series of annual ice production in the RISP, CDP, MP, and AP is shown in Fig. 6 . In the RISP, large ice production reduction events occurred in 2000 and 2002 [see Fig. 6 (a)] because giant icebergs (B-15 and C-19) that calved from the Ross Ice Shelf occupied the polynya during the freezing season [5] , [51] . The MP time series [see Fig. 6 (c)] reveals that a drastic change occurred in 2010, after the calving of the Mertz Glacier Tongue (MGT). The MGT calving event led to a substantial decrease in the size of the MP and ice production [52] . The amount of ice production decreased by as much as 40%, and the MP dropped from the third to the fifth-largest Antarctic polynya in terms of ice production [19] . According to [18] , the time series of SSM/I-SSMIS ice production until 2013 shows a continuous decrease in ice production after the MGT calving, but the analysis area used by [18] includes areas east of the MP not included in our study. Hydrographic observations made before and after Bias is the ice production from AMSR2 minus that from the regression line. RMSD is the root-mean-square deviation of the data points of AMSR2 relative to the regression line. The ratios of bias and RMSD are the bias and RMSD normalized by dividing by the ice production from the regression line. RISP, CDP, MP, and AP indicate the Ross Ice Shelf Polynya, Cape Darnley Polynya, Mertz Polynya, and Amundsen Polynya, respectively. The analysis areas are indicated in Fig. 4 .
the calving have clarified a significant reduction in dense water export and AABW formation [53] , [54] . A numerical modeling simulation also predicted this reduction [55] . Furthermore, significant changes under biogeochemical conditions also occurred after the MGT calving [56] . Analysis of a sediment core drilled in this region covering 250 years suggested that large and abrupt changes in local sea-ice and bottom-water conditions occur with a 70-year periodicity in association with MGT calving and regrowth dynamics [57] . These demonstrate a strong linkage between the glacier tongue and sea-ice/AABW production. Annual maps of AMSR-E/2 ice production (see Fig. 7 ) can reveal the details of the MP change. Before 2010, westward advection of sea ice was blocked by the MGT and an offshore extension consisting of fast ice and grounded icebergs (sometimes referred to as the "dagger"); as a result, the MP was the third-largest polynya in terms of ice production. This fast ice dagger forms each winter and extends northward along the eastern edge of an area of shallow water called the Mertz Bank [22] , [52] , [58] , [59] . However, since the 2010 calving event, the area of the MP has been divided into two areas of high ice production: one is located along the coast, and the other is west of the dagger (fast ice) in the offshore area. Moreover, the area of high ice production west of the MGT disappeared. These mapping results clearly demonstrate the blocking effect of sea ice by the MGT. Furthermore, the maps also reveal the linkage between a coastal polynya and fast ice. Since the MGT calving, an area of fast ice has developed in the western MP area (see Fig. 7 ) that suppresses coastal polynya development and ice production there [see Fig. 6(c) ]. To show fast ice dagger clearly, the fast ice area was defined as a pixel with an occurrence frequency during the period of ࣙ30%, which is different from Fig. 4 (ࣙ60%) .
IV. CONCLUSION
A new algorithm for thin ice thickness in the Antarctic Ocean for AMSR2 data (2012-present) was developed [see Fig. 2 ; (3) and (4)] by a method similar to that used for the AMSR-E algorithm development [19] . From heat flux calculations using AMSR2 thin ice thickness, daily ice production in Antarctic coastal polynyas was estimated with a higher spatial resolution of about 6 km (see Fig. 4 ). Since the periods covered by AMSR2 and AMSR-E data do not overlap, we compared AMSR2 ice production with AMSR-E ice production through a comparison with SSM/I-SSMIS ice production (see Table III , Fig. 5 ). The results confirmed that the high-spatial-resolution ice production dataset from AMSR-E/2 can be used for time series studies covering >10 years. The disadvantage of the AMSR-E/2 ice production data is the relatively shorter period of the record compared with SSM/I-SSMIS ice production data, which has accumulated for >20 years. However, this weakness of the AMSR-E/2 dataset can be somewhat mitigated by combining it with the SSM/I-SSMIS ice production dataset (see Fig. 6 ). For this, SSM/I-SSMIS ice production was adjusted based on the comparison results (see Table III , Fig. 5 ).
The fact that most Antarctic coastal polynyas form on the western side of fast ice or glacier tongues [19] (see Fig. 4 ) confirms that fast ice and glacier tongues protruding into the ocean are a key factor leading to the formation of many Antarctic coastal polynyas. Fast ice and glacier tongues are particularly vulnerable to oceanic and atmospheric conditions, and their extent can change drastically and suddenly. In turn, changes in the extent of fast ice or in the length of a glacier tongue can cause dramatic changes in sea-ice production in adjacent polynyas and, possibly, AABW formation, as was reported after the MGT calving event [52] [53] [54] [55] [56] [57] . These changes potentially contribute to further climate change. AMSR-E/2 ice production data revealed the details of MP changes after the MGT calving (see Fig. 7 ). Moreover, the MP time series revealed another role of fast ice in coastal polynya formation: fast ice development in an area that had been occupied by a polynya suppresses the ice production [see Fig. 6(c) and 7] . Since the spatial scale of coastal polynyas and fast ice (glacier tongues) is relatively small (typically <100 km), continuous monitoring of coastal polynyas and fast ice by AMSR series sensors, including the expected successor of AMSR2, is important for understanding the climate system.
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